We analyzed diversity patterns of alpine tundra ecosystems along environmental gradients. We hypothesized that alpine diversity is affected by climate at local and regional scales, nutrient availability, soil moisture, and disturbance related to herbivory. In all, 232 samples in 11 study areas in Troms and Finnmark counties were analyzed with regard to a-and b-diversity of vascular plants and lichens. Relationships between a-diversity and environmental variables were analyzed by regression trees. b-diversity defined as species turnover was investigated using indirect ordination methods. Sites with non-acidic soil parent material showed highest species densities. Lowest species numbers were typical for extreme topographic positions. Heavily grazed samples showed less species numbers and coverage percentage of vegetation. The number of graminoid species was found to be highest in areas of high grazing pressure. We concluded that a-diversity was controlled by growing season, snow cover, pH, soil moisture, disturbance, temperature, and precipitation, stressing the importance of multi-factorial approaches in diversity studies. Determinants of b-diversity were predominantly local environmental conditions, whereas regional conditions were less important.
Introduction
Mountains are widely recognized as containing highly diverse and species rich ecosystems (e.g., Diaz et al., 2003; Kö rner, 2004 ). Topographic gradients condensed over short distances are capable of producing unique hotspots of biodiversity. Commonly, environmental heterogeneity is expected to be positively correlated with species numbers (Rosenzweig, 1995; Kö rner, 2004) . But, at the same time, high mountain ecosystems are in general quite sensitive and highly vulnerable to environmental changes, for instance slow land degradation due to human activities with all the attendant socioeconomic consequences (Messerli and Ives, 1997) . Furthermore, many studies suggest that high elevation environments are among the most sensitive to climatic changes occurring on a global scale. Relatively small perturbations in global processes can cascade down to produce large changes in most of the interdependent patterns and processes, from the hydrological cycle to the complex fauna and flora, and the people that depend on those resources (e.g., Thompson, 2000; Beniston, 2003) . The human welfare and especially the water supply depend directly or indirectly on the functional integrity of mountain ecosystems with vegetation as their key component (Kö rner, 2004) . As such, plant diversity provides an insurance against system failure by functional redundancy in traits (Kö rner, 2004) . The understanding and explanation of mechanisms that control diversity is critical for predicting changes in diversity patterns resulting from changes in land use or a changing climate (Walker, 1995) .
Patterns of spatial and temporal variations in species richness and diversity as well as their relationship to underlying environmental variables within arctic and alpine regions have recently attracted considerable interest by ecologists and biogeographers (Heikkinen and Neuvonen, 1997; Gough et al., 2000; Moser et al., 2005) . The compressed climatic gradient, sharp ecotones, and altitudinal gradients are useful for investigating patterns in species richness, as a changing climate may lead to the migration of species (Lomolino, 2001; Grytnes, 2003; Fosaa, 2004; Sá nchezGonzá les and Ló pez-Mata, 2005) .
Focusing on determinants of species diversity, an appropriate consideration of scaling issues is inevitable (Rosenzweig, 1995) . Kö rner (1995) defined in his assessment of causes of alpine plant diversity a set of ''sieves'' acting at different spatial scales. In a global context, harsh environmental conditions present in arctic-alpine landscapes require plants to possess evolutionary adaptations to low temperatures and short growing seasons, resulting in a small overall species pool (Kö rner, 2003) . At finer scales, environmental heterogeneity gains importance. At regional scale, soil parent material (Molau, 2003) and grazing pressure are likely to affect diversity patterns. For instance, moderate herbivory in productive areas is assumed to increase biodiversity, whereas diversity is reduced due to herbivory in less productive habitats (Austrheim and Eriksson, 2001) . At local scale, differentiations in topography and associated changes in snow cover and soil moisture are important determinants of diversity (e.g., Gould and Walker, 1999; Kö rner, 2004) . Thus, at local scale, both sets of determinants, regional and local as well as their interaction, may control diversity and need to be taken into account to understand diversity patterns (Gough et al., 2000; Holten, 2003) . Pausas and Austin (2001) point out that species richness patterns in relation to the environment need to be understood before drawing conclusions on the effect of biodiversity in ecosystem processes. They criticize that despite species richness being governed by two or more environmental gradients, diversity studies in relation to environmental gradients have mainly been single-factor studies. Pausas and Austin (2001) concluded with a suggestion of potential approaches when studying species richness and its relation to the environment: (a) Appropriate variables related to resources availability and to direct environmental variables have to be chosen. Numerous different causal variables may be correlated with the same indirect gradient, precluding any interpretation. (b) Multidimensional gradients using non-linear regression techniques have to be studied, as multidimensional, non-linear patterns are common. (c) Species richness has to be separated into the richness of different vegetation types.
Within this case study, we responded to these suggestions. Diversity patterns in alpine tundra ecosystems of northern Norway were described and related to the environment. We hypothesized diversity to be affected by:
N climatic variables such as near-surface temperature conditions and snow cover at local scale and the oceaniccontinental gradient at regional scale (Leathwick et al., 1998; Virtanen et al., 2003; Holten, 2003; Kö rner, 2004) , N nutrient availability (Gould and Walker, 1999; Molau, 2003; Virtanen et al., 2003; Kö rner, 2004) , N soil moisture (Leathwick et al., 1998; Kö rner, 2004) , and FIGURE 1. Study areas in northern Norway. Numbers refer to Table 1 , where a detailed description is given. N disturbance related to herbivory (Austrheim and Eriksson, 2001; den Herder et al., 2003; Nagy et al., 2003; Olofsson et al., 2001 Olofsson et al., , 2004 van der Wal et al., 2004) .
Both a-diversity and b-diversity were studied based on vascular plants and lichens.
Materials and Methods

STUDY AREAS
The study was carried out in northern Norway, within Troms and Finnmark counties. The choice of the study areas was based on two underlying broad-scaled gradients. Firstly, the pronounced climatic differentiation between the oceanic coastal mountains and the more continental interior areas, and secondly, different densities of reindeer. The resulting 11 study areas ( Fig. 1 ) are described with regard to geographic position, altitude, climate (Moen, 1999) , geology (Sigmond et al., 1984) , and reindeer densities using mean and maximum values per square kilometer of the last 20 years according to Reindriftsforvaltningen (2005) in Table 1 .
Substrates were composed of glacial till and consisted of sands and silty sands, varying by high contents of the skeleton fractions. Organic substrates such as alpine mires and bogs covered huge areas in the depressions and on wet slopes. Depressions at higher elevations had very thin organic layers. Permafrost was not found down to 100 cm depths.
FIELD SAMPLING
Surveys of vegetation were conducted along transects within each of the study areas. Transects were chosen with regard to finescale topographical gradients, i.e. representing the main topographic positions ridge, upper slope, mid-slope, lower slope, footslope, and depression. Corresponding vegetation types discriminated by snow cover and soil moisture were identified based on species composition (Dahl, 1987;  Table 2 ) and represented by several samples using 1 m 2 plots. All were sampled with the same method and identical plot size, ensuring that the patterns both within and between transects were not a result of different sampling strategies. The small size of sample plots was used because it was possible to have a large number of samples within both, each vegetation type and each transect, and to sample several transects. Thus, the small size of sample plots was a compromise. The specific location of samples within each vegetation type was drawn at random, with the constraints that the next sample should be at least 2 m apart. Relevés were conducted according to Braun-Blanquet (1964) recording coverage percentage for (a) any single plant species, (b) aggregated species groups (lichens, mosses, herbs, graminoids, woody plants), and (c) total vegetation. The nomenclature followed Lid and Lid (1994) for species of vascular plants, Krog et al. (1994) for the lichen flora, and Frisvoll et al. (1995) for bryophytes. Unfortunately, several bryophytes could be determined down to genus-level only, since for some genera (e.g. Sphagnum) possibilities of visual identification in the field did not allow any differentiation on the Vegetation types with number of samples (subscript a refers to acidic samples, and subscript b to non-acidic samples). In all, 232 samples were studied. Out of these samples, 16 were situated along a reindeer-fence at Ifjordfjellet (study area 6) separating apparently heavily grazed areas from less grazed areas, but official reindeer densities were not available. On each side of the fence, but at least 25 m apart from it to prevent direct fenceeffects, 8 samples were chosen from similar topographic positions and corresponding vegetation types, resulting in couples of each, two ridges, two upper slopes, three mid-slopes and one lower slope. Out of the whole data set, two subsets containing acidic samples (n 5 202) and non-acidic samples (n 5 30) were derived according to soil parent material ( Table 1 ) that served as the basis for further analyses.
Furthermore, 32 environmental variables for each sample were measured or indirectly estimated (Table 3) . Relief was described regarding topographic position, curvature, slope, and aspect. Characterization of soil moisture conditions was based on uncalibrated hand-held TDR-measurements. Soil profiles were analyzed as to their horizon combination. Furthermore, root density and pH-value (H 2 O) at 5, 15, and 30 cm depth were recorded. Techniques and tools of environmental variable analysis were applied and structured after AG Boden (1996) , modified for arctic-alpine landscapes according to SCWG (1998) 5 uC) , growing season (number of days with mean temperature .5 uC), and annual precipitation sums were transposed from neighboring (50 km radius) official meteorological stations (DNMI, 2006) for each study area, but not further differentiated for single sites. Correction for altitudinal differences between meteorological stations and study areas were applied to both temperature using a lapse rate of 0.6 K (100 m
21
) and precipitation using an increase of 10% (100 m 21 ) (Førland et al., 1996) . A rough estimate of duration of snow cover for each sample was derived from values given by Moen (1999) , corrected for topographic position based on field experiences of the authors and UEB model runs (Tarboton and Luce, 1996) for central Norway, i.e. snow cover on foot-slopes was assumed to last 30 days longer than at midslopes and 60 days longer than at ridges, respectively. Furthermore, potential radiation during the summer period was calculated for each sampling site (Stumbö ck, 1995) .
DATA ANALYSIS
Data analysis was based upon a-diversity and b-diversity and its environmental determination. a-diversity was expressed by (a) the number of species (bryophytes excluded) within each 1 m 2 sample (species density in sensu Whittaker, 1975) , and (b) the Shannon-Wiener-Index ''H'' for each sample (Magurran, 1988) . Since the number of individual plants generally used for calculation was not counted in this study, values of coverage percentage were used instead. H was calculated using MVSP 3.1 (Kovach Computing Services, 2001 ). Relationships between adiversity and environmental variables were analyzed by regression tree analysis (RTA) as implemented within SYSTAT 11 (Systat Software Inc., 2004) . Regression tree analysis does not involve a priori assumptions about any particular type of relationship between the variables, and hence is useful for capturing nonlinear relationships and facilitating interpretation of the results (De'ath and Fabricius, 2000) . Analyses were based on the entire data set of 232 samples which were in case of species density and the Shannon-Wiener-Index aggregated to 6 vegetation types.
b-diversity as the degree of differentiation among communities within a landscape or the species turnover between samples (Walker, 1995; Whittaker et al., 2001 ) was investigated using indirect ordination methods. Detrended correspondence analysis (DCA; Hill and Gauch, 1980) was applied to the species data set using CANOCO 4.5 (ter Braak and Smilauer, 2004 ) to visualize differences in species composition and species turnover between samples. The ordination arranges the samples as points in a scatter diagram that are ecologically structured. Clustered points correspond to plots that are compositionally similar, whereas those that are further apart are more dissimilar. DCA was used with detrending by segments and non-linear rescaling (Knox, 1989; Økland, 1990) . Due to this rescaling, the axes are scaled in units of standard deviation of species turnover. A secondary result is the total b-diversity, expressed by the length of gradients. The axes were also ecologically interpreted by correlation analyses to environmental variables. Furthermore, a direct ordination method, canonical correspondence analysis (CCA; ter Braak, 1986) , was applied to the species and environmental data set to extract environmental variables that determine species composition and hence also differentiations among samples. Significant environmental variables were chosen by automatic forward selection routines. 
Results
PATTERNS OF a-DIVERSITY
Study of patterns of the a-diversity expressed as species density and the Shannon-Wiener-Index was based on all 232 sites. They were differentiated for acidic and non-acidic soil parent material and for visualization purposes aggregated into 6 vegetation types (Table 2) . Results are presented as boxplots with median, first and third quartile, 5-95% range, as well as outliers for all vegetation types (Fig. 2) . Note that due to the small sample size for some vegetation types on non-acidic substrates, only the results of types 1, 2, and 3 could be handled as a sound statistical evaluation. Samples with non-acidic soil parent material showed generally higher species densities and higher values of the Shannon-Wiener-Index (significant at 0.001 levels) than their acidic counterparts. Mires showed lowest species densities with a median of 9 species, whereas tall herb meadows were found to be the communities with highest species densities (median of 23 species). The vegetation types 1, 2, 3, and 5, which represent a gradient in snow-shelter, did not show significant differences in species density and the Shannon-Wiener-Index.
ENVIRONMENTAL DETERMINATION OF a-DIVERSITY
Regression tree analysis including the entire data set of samples and environmental variables revealed a regression tree containing 16 terminal nodes with an overall proportional reduction in error of 0.619 (Fig. 3) . These nodes are discriminated by species density and are hence not comparable to vegetation types. Listed in order of importance, species density was controlled by a combination of growing season, snow cover, pH-value, soil moisture, disturbance as indicated by thickness of Bv-horizon and bare soil cover, temperature, and precipitation. Samples characterized by a short growing season (,93 d) with long lasting snow cover and high pH values showed highest species densities (right branch of the tree in Fig. 3) , whereas very wet samples with low mean temperatures showed lowest densities. Moist samples with a long growing season (.93 d) were differentiated by disturbance. Unstable conditions corresponded to low species densities (left branch of the tree in Fig. 3 ).
EFFECT OF HERBIVORY ON a-DIVERSITY
Regression tree analysis revealed no clear effects of herbivory on a-diversity. Nevertheless, sample differentiation by disturbance regimes gave first clues on a possible influence. The effect became more evident when studied on a small subset of samples on both sides of a reindeer-fence (heavily grazed/less grazed), as shown in Figure 4 . Note that even if the results are presented here and evaluated in the Discussion section, the number of samples was too small to consider this as a rigorous statistical evaluation of this topic. Heavily grazed samples showed an overall decrease in 
b-DIVERSITY
Species turnover between samples was investigated using DCA. The resulting scatter plot of samples is presented in Figure 5 . Long gradients of the axes (axis 1 5 5.044, axis 2 5 3.814) indicated a large species turnover among samples and hence a large b-diversity. The first and most important axis (eigenvalue 0.607) was found to be correlated with snow cover and soil moisture as already indicated by the arrangement of vegetation type clusters along this axis. The second axis (eigenvalue 0.406) correlated with mean temperature, length of growing season, and pH-value at 30 cm depth. Hence, local conditions represented by the first axis were found to be of superior importance controlling b-diversity, whereas regional conditions as represented by the second axis were less important. A corresponding CCA biplot of samples and environmental variables supported these findings (Fig. 6 ). Samples were arranged according to local moisture and snow cover gradients (longest arrows) as well as regional mean temperatures, temperature amplitude, and growing season gradients. The gradient of pH at 15 cm depth combined both local and regional influences. In contrast to the specific case along the reindeer-fence, for the entire set of samples, herbivory did not contribute significantly to the differentiation among samples.
Discussion
The findings of our study stress the importance of multifactorial determinants of species diversity (Heikkinen and Neuvonen, 1997; Gough et al., 2000; Pausas and Austin, 2001) . We found that a-diversity patterns in alpine tundra landscapes at different spatial scales are determined by specific environmental variable constellations (Walker, 2000; Kö rner, 2003; Lö ffler, 2007) . In accordance with earlier studies, non-acidic soils corresponded with generally higher diversity at a regional scale (Saetersdal and Birks, 1997; Molau, 2003; Moser et al., 2005) . In contrast to these and other findings from the Alaskan tundra (Gough et al., 2000) , we could not explain diversity using corresponding pH-values only. Instead, the regional effect of soil acidity was found to be strongly modified by local effects of soil moisture and snow cover. Also Holten (2003) found in the southern Scandes regional conditions often overruled by microhabitat conditions. Samples at gentle slope positions with intermediate soil moisture, sheltered by snow cover against low winter temperatures, showed higher diversity than samples at extreme topographic positions, i.e. ridges and depressions. These findings correspond to studies of Virtanen et al (2003) who reported snow-protected communities to be highly diverse, followed by exposed and snow bed communities. Heikkinen and Neuvonen (1997) found also notable high numbers of species in snow beds in subarctic Finland. Thus, we support suggestions that FIGURE 6. CCA biplot of samples and environmental variables.
both regional and local effects on diversity have to be considered (Gough et al., 2000) .
In general, the effect of herbivory on the maintenance of plant diversity in alpine environments is inadequately understood (Erschbamer et al., 2003) . Proulx and Mazumder (1998) hypothesized that grazing decreases species richness in nutrient-poor environments while in nutrient rich environments plant species richness is increased. According to Erschbamer et al. (2003) alpine environments offer an excellent model system to further test general productivity-diversity hypotheses. Our study revealed clues on an overall reduction of diversity and percentage cover of vegetation due to heavy grazing at nutrient-poor sites. We found only the number of graminoid species that could be supported by grazing pressure, whereas lichens suffered most. Former studies proved that combined trampling and grazing by reindeer led to an almost complete removal of the lichen carpet (Lö ffler, 2000 (Lö ffler, , 2004 Boudreau and Payette, 2004) . Furthermore, negative effects of grazing on lichens, bryophytes, herbaceous plants and woody plants were found, whereas graminoids benefited from herbivory (Crête et al., 2001 ). According to van der Wal et al. (2004) grazing and trampling were instrumental in reducing the depth of the moss layer, which raised soil temperature from which graminoids benefited in particular. Thus, an increased herbivory impact allowed the development of grass-rich tundra at the expense of lichens, bryophytes and woody plants (e.g. Olofsson et al., 2001) . Interestingly, similar results were achieved in our approach using a relatively small number of samples.
In contrast to our hypotheses, that the oceanic-continental gradient determines the b-diversity of plant species, we found a large species turnover primarily due to local topographic heterogeneity, whereas regional conditions were of minor importance. This high level of b-diversity in alpine tundra landscapes is thus due to topographic heterogeneity and associated differentiations in microclimatic conditions, soil moisture, soil types, and snow cover (Richter, 2001) .
Concluding, we related diversity patterns of vascular plants, bryophytes, and lichens to their environmental conditions as an example of an alpine tundra ecosystem. Facing the revealed importance of local conditions, the explained variance is expected to suffer from the lack of sample-specific microclimatic data. Moreover, biotic interspecific competition was assumed to gain importance when regarding one-square-meter plots (Gough et al., 2000) , but remained unaccounted for. Methodically, this study emphasized the necessity to account for several determinants of diversity and their analyses in a non-linear way, as multidimensional, non-linear patterns are too common in nature.
